Detailed assessments of adsorption properties (isotherm, thermodynamics and kinetics) were carried out on chemically modified activated carbon (AC). Some pretreatment methods prior amination have been used to improve the CO 2 selective capture of AC in our previous works. Here, the inter-relationships among the adsorption properties were further investigated and reported. It was found that CO 2 molecules bind onto the heterogeneous surfaces of AC in a monolayer pattern as experimental data fit Freundlich isotherm rather than Langmuir. However, Redlich-Peterson, a 3-parameter model provided the best fit. The highest degree of precision of Chi-square analysis professed it as the most efficient error function for the isotherm study. Values of standard entropy showed to be the most significant thermodynamic limiting parameter in the adsorption process, as physisorption was found predominant for CO 2 collection at the interface. This observation was corroborated with temperature programmed desorption (TPD) analysis where ca. 86% of adsorbed CO 2 were desorbed below 500°C. The kinetic study indicated that CO 2 -AC interaction follows pseudo-second order while the higher R 2 of intraparticle diffusion over Elovich equation confirmed the deduction made from the thermodynamic study. Conclusively, the study of adsorption properties in this work provides useful information for designing proper adsorption reactor and subsequent regeneration of CO 2 -laden adsorbents at environmental levels.
INTRODUCTION
There has been an increasing attention on CO 2 pollution in recent decades, in the advent of global warming. This is attributed to the accumulation of the gas from anthropogenic sources, such as the flue gas from power plants (IPCC WG, 2005; Schrag, 2007; Dantas et al., 2011) . In another case, CO 2 concentration is popularly used as an Indoor Air Quality (IAQ) indicator due to some health hazards (i.e., sick building syndrome (SBS)) popularly associated with exposure to its elevated levels in indoor spaces (Kulshreshtha et al., 2008; Lim et al., 2014) . The need to lower the abnormally high CO 2 levels in both outdoor and indoor air has led to the emergence of some CO 2 capture technologies which are still under research for enhancement and optimization. Currently, the most commercialized and efficient technology for CO 2 control from point sources (such as flue gas, incineration plants, gas flaring) is absorption. The use of monoethanolamine (MEA) is very popular among the other available absorbents. However, despite the merits and popularity, absorption exhibits some inherent short-comings ((such as lack of portability, water-intensiveness and high regeneration cost (Diez et al., 2015; Yu et al., 2015; Gao et al., 2016; Zhou et al., 2016) thereby making an imperative need for a viable alternative. Among the potentially promising alternative technologies available is adsorption, especially for CO 2 capture from point sources (Xiao et al., 2011; Dali et al., 2012; Ma et al., 2016) . Of the common adsorbents available, porous activated carbons (ACs) have attracted more research attention. In comparison to MEA, AC has intrinsic advantageous features such as appreciable portability (i.e., it does not spill like solvents), readily available and lowcost precursors (any carbonaceous material), higher number of re-usability cycles, the ease of porous (morphological) and surface (chemical) modification etc. (Plaza et al., 2009) . Although, the conventional temperature swing adsorption (TSA) used in the regeneration of AC is also energy intensive (as it ranges between 400 and 900°C), less expensive alternatives such as pressure swing adsorption (PSA), vacuum swing adsorption (VSA) and electric swing adsorption (ESA) have been optimized (Olajire, 2010; Yu et al., 2012) . A comprehensive cost comparison (with other sorbents) is available (as Table 4 ) in our recently published review work (Adelodun et al., 2015) . Furthermore, the CO 2 adsorption capacity by porous carbons can be greatly improved by surface modification (Shafeeyan et al., 2010; Khalil et al., 2012; Zhang et al., 2015; Goel et al., 2016) . Among the available modification techniques, amination is the most popular for the impregnation of foreign nitrogen-based functionalities on activated carbon (AC) in enhancing its adsorption affinity towards CO 2 (Adelodun et al., 2015) .
Usually, the efficiency of an adsorbent is estimated based on its adsorption capacity, adsorption rate, mechanical strength, susceptibility to numerous regeneration cycles and reuse. Among these, adsorption capacity is considered as the most important property that is initially determined (Brdar et al., 2012) . It has also been suggested that when describing adsorption properties, isotherm, thermodynamic and kinetic studies are required in order to fully understand the nature, mechanism and rate of the process prior to designing the application setup (Qui et al., 2009; Yousef et al., 2011; Song et al., 2016) .
Recently, it was observed that only a few studies on the fabrication of CO 2 adsorbents have been directed to addressing selective separations from environmental levels. Instead, most researchers have focused on pure CO 2 removal capacity for their adsorption examination (Adelodun et al., 2015) . Due to this, our work has directly addressed CO 2 selective adsorption at the two environmental levels (indoor and flue gas), hence, it has distinct relevance to real life scenarios. Another distinction in our research work is the investigation of the significance of pre-treatment prior amination to CO 2 selective capture (Adelodun and Jo, 2013; Adelodun et al., 2014a Adelodun et al., , b, 2015 . The adsorption capacity (100% CO 2 ) as well as selectivity (10% and 0.3% CO 2 ) of the various modified ACs were provided in these previous works. It was gathered that the capture mechanisms and efficiencies of adsorbents toward pure and diluted levels CO 2 levels are quite dissimilar. Therefore, in current work, we furthered our research into the investigation of the mechanism (isotherm), nature/strength (thermodynamics) and rate (kinetics) of CO 2 selective adsorption on chemically modified ACs (via dry and wet pre-treatments processes prior amination).
EXPERIMENTAL

Adsorbents
Commercially available pelletized coconut shell-based and coal-based ACs, procured from Calgon Carbon Corporation (USA) were depelletized into granules (G1 and G2, respectively) and used as starting materials. Detailed information on sample preparation, structural and chemical characterizations are available in our previous works (Adelodun and Jo, 2013; Adelodun et al., 2014a, b) . In current work, the nomenclature and amination procedures of studied adsorbents are provided in Table 1 . Their physical structures (specific surface area and porosity) were examined with the aid of Belsorp mini monosorb (Bel Japan Inc., Japan).
Assessment of CO 2 Adsorption Capacity
Pure CO 2 adsorption capacity obtained at vacuum to ambient pressure (P/P o = 0-1) was carried out at 298 K with the aforementioned monosorb instrument while low level (0.3% in dry air) and high level (10% binary mixture with dry N2) adsorption selectivity tests were d o n e by lab grade set-ups, equipped with SENSEair CO 2 detectors (Adelodun and Jo, 2013; Adelodun et al., 2014a, b; Lim et al., 2014) . Schematics of these adsorption set-ups are also provided in supporting information (SI) as Figs. S1 and S2, respectively. These concentrations (0.3% and 10%) represent the mean levels of CO 2 commonly found at indoor and flue gas (emitted from coal and gas-fired plants (GCCS, 2012)) air, respectively.
Modeling of Adsorption Properties and Error Functions
Some basic reviews on various adsorption isotherm models are available in a number of literatures (Subramanyan and Das, 2009; Foo and Hamed, 2010; Yousef et al., 2011; Brdar et al., 2012) . For current study, six appropriate models for gas-phase adsorptions were selected. These are three each of two-parameter (Langmuir (Langmuir, 1916) , Freundlich (Freundlich, 1906) and Temkin (Temkin and Pyzhev, 1940) ) Table 1 . Detailed description test carbon samples.
Adsorbent
Pre-ozonation Pre-calcination with KOH (under N 2 atm., 600°C, 2 h) Amination temp.
In the presence of UV-C  800°C  1K-G1  1 M KOH  G2  N-G2  800°C  1K-G2  1 M KOH  N-1K-G2  1 M KOH  600°C  N-2K-G2  2 M KOH  600°C  N-4K-G2 4 M KOH 600°C Note. G1 and G2 are the pristine granular carbons based on coconut shell and coal, respectively. and three-parameter (Sips (Sips, 1948) , Toth (Toth, 1971) and Redlish-Peterson (Redlich and Peterson, 1959) ) models, with their respective expressions provided in Eqs. (1) to (6).
where, q e (mmol g -1 ) = equilibrium adsorption capacity; q max (mmol g ; n T = Toth isotherm constants; K R = RP isotherm constant (L mmol -1 ); and g = exponent in RP equation (Foo and Hamed, 2010) .
Non-linear isotherm models and the adsorption kinetic modelling were carried out using Sigmaplot 10.0 software (Systat Software Inc, USA). Linear isotherm plots have become viable, easy-to-use tool for identifying and describing the best-fitting relationship in adsorption systems (Kumar, 2006; Boulinguiez et al., 2008) . However, due to the largely reported inherent biases resulting from the transformation accorded to the values on the abscissa and ordinate, nonlinearized fittings have been suggested (Kumar, 2007; Li and Hitch, 2016) . Several rigorous error functions have also been employed to determine the extent of fit distortion associated with these models (Ozacar and Sengil, 2005; Li and Hitch, 2016) . However, it is important to emphasize the degree of difficulty often encountered in applying statistical softwares to linearize 3-parameter models (Foo and Hamed, 2010) .
The thermodynamic parameters often considered in defining adsorption processes are the changes in standard enthalpy (ΔH 0 ); standard entropy (ΔS 0 ) and standard Gibbs' free energy (ΔG 0 ). These parameters can be determined from the mathematical expressions given as Eqs. (7) and (8):
where, K L = Langmuir isotherm constant, indicative on adsorption strength, and independent of qmax. The values of ΔG o obtained from Eq. (7) at different temperatures, T are plotted against the reciprocal of T (1/T, K -1 ) while ΔH o and ΔS o are extrapolated as the intercept and slope, respectively (Anirudhan and Suchithra, 2010; Yousef et al., 2011) .
In furtherance, the kinetics of CO 2 adsorption was also investigated using four different models viz: pseudo-first order and pseudo-second order models (chemical reaction models), intraparticle diffusion model (diffusion adsorption model) and Elovich equation (mass transfer model) (Ozacar and Sengil, 2005; Mittal et al., 2007; Anirudhan and Suchithra, 2010; Yousef et al., 2011; Shah and Imae, 2016; Song et al., 2016) . Their expressions are as given in Eqs. (9)- (12): Pseudo-first order:
Pseudo-second order:
Intraparticle diffusion:
where, q (mmol g -1 ) = adsorbed CO 2 amount at time t; q 1 (mmol g -1 ) and q 2 (mmol g -1 ) = equilibrium adsorption amounts of pseudo first-order model and pseudo first-order model, respectively; k 1 (sec -1 ) and k 2 (g mmole -1 sec -1 ) = adsorption rate constants of pseudo first-order model and pseudo first-order model, respectively. For Elovich model, α (mmole g -1 sec -1 ) = constant for the initial sorption rate and β (g mmol -1 ) is the constant for the parameter related to the extent of surface coverage and the activation energy of the chemisorption. In the intraparticle diffusion model, k int (sec -1 ) is the constant for the diffusion rate. All these studies on the adsorption of CO 2 were carried out and reported in this work.
RESULTS AND DISCUSSION
It is necessary to emphasize that our previous works have identified that dry phase pre-treatment of AC such as ozonation (Adelodun et al., 2014a) and wet phase such as KOH (aq) doping (Adelodun and Jo, 2013; Adelodun et al., 2014b) were most suitable for G1 and G2 respectively. This discrepancy was conclusively attributed to the difference in their degree of ultra-microporosity, as the former exhibits superiority over the latter. Furthermore, current work reports the investigation on the peculiarity of the adsorption properties of representative samples from our previously published research works on this subject.
Textural Characteristics of Adsorbents
Comprehensive reports on the structural properties of the various amine-impregnated carbons are available in our previous works (Adelodun and Jo, 2013; Adelodun et al., 2014a, b) . The effects of pre-treatment and amination on the textural properties of AC could be observed by critical examination of the compiled values in Table 2 . The plots of N2 adsorption isotherm at 77 K, the MP (Mikhail et al., 1968) and BJH (Barrett et al., 1951) for micropore and mesopore size distributions, respectively, are compared in Fig. 1 (a)-1(c). It was obviously observed from Table 2 that G2 have higher S BET and VT than that of G1, with the latter evincing superior microporosity. As expected, the magnitude of the SBET correlates perfectly with the amount of adsorbed N2 ( Fig. 1(a) ). Increasing the surface basic functionalities by amination resulted in widening of ultra-micropores ( Fig. 1(b) ) while the transition of supermicropores to mesopores was suspected. Upon amination, SBET and VT were somewhat enhanced, probably due to the collapse of some micropores into mesopores ( Fig. 1(c) ), resulting in further depreciation in value of Vmicro/VT (Table 2) (Plaza et al., 2009b) . Since the present amination process attempted to form the amino/ nitrogen groups through chemical substitution to the surface oxides on AC pellets, surface area was not significantly decreased, differing from conventional impregnation (Shafeeyan et al., 2015) . In addition, the hot gas flow would significantly clear the pseudopores or cracks during the high temperature amination.
The non-stabilization of calcined KOH on AC (1K-G) resulted in more textural depreciation of G2 than G1, despite both samples exhibiting similar Vmicro. This observation is attributed to the intrinsic wider pore size characterized by G2, which allows efficient surface coating on the inner pore walls (Adelodun et al., 2015; Faltynowicz et al., 2015) . This reduces the effect of blockage of narrower pores (supermicropores) which G1 is inherently susceptible to. Unlike simple (direct) amination, amine-stabilization of 1K-G2 (N-1K-G2) improved the carbon's Vmicro which was evident as the significant increase of Vmicro/VT from 0.805 Table 2 . Compilation of textural properties of pristine and modified adsorbents.
S BET = specific surface area from N 2 adsorption at 77 K (using BET method); V T = total pore volume; dp = average pore diameter; V micro and V meso = micropore and mesopore volume respectively; % a ext = percentage external surface area; V micro /V T = proportion of micropore volume. to 0.849 (1K-G2 and A-1K-G2, respectively). As expected, increase in KOH concentration led to further derogation in microporosity, which resulted from intense blockage of pores with dp ≤ 0.62 nm, evident with 4 M-doped samples, as shown in Fig. 1(b) . It ensured a significant reduction (ca. 50%) in SBET, Vmicro and VT (Table 2) , accompanied by significant increase in %aext, attributed to the foreign surface area provided by the potassium coating on the external layer of the graphene material (Adelodun et al., 2014a, b) . However, despite the lucid changes in the micropore size distribution by the different treatment conditions, all modified samples still retained the predominance of microporosity of both carbon types. This is evident by the consistent Type I isotherm portrayed by all representative samples in Fig. 1 (a) (and later in Fig. 3 ).
CO 2 Adsorption
The CO 2 adsorption experiments were carried out in order to estimate their adsorption capacities (100% CO 2 ) and selective capture efficiencies for high and low levels (10% and 0.3% CO 2 , respectively). Results were compared and provided in Fig. 2 . It was found that amination improved the carbons' selective adsorption, which was further enhanced by dry phase pre-oxidation by ozone, especially in the presence of UV-C light (Shafeeyan et al., 2011) . In our review publication (Adelodun et al., 2015) , it was inferred that the pre-tethering of potassium active sites for the anchorage of SNFs during amine-stabilization was more efficient that those achieved with dry pre-oxidation with O3-UV (Adelodun et al., 2014a (Adelodun et al., , b, 2015 . The chemical impregnation of basic chemical groups such as SNFs, alkali metals or their oxides on AC surface results in the decrease of pure CO 2 adsorption capacity while selective capture efficiency is enhanced (Song et al., 2016) . This was attributed to the fact that the capture of CO 2 from pure feed depends largely on the VT/Vmicro whilst its selective separation from a matrix is driven by the amount and nature of the basic sites with reasonably high level of affinity for the adsorbate (Shafeeyan et al., 2010; Adelodun and Jo, 2013; Adelodun et al., 2014a, b) . For example, despite having similar textural properties in G1 and 1K-G1 (Table 3( dVp/dlog dp dp (nm) microporosity exhibited by G1, it showed higher adsorption of pure CO 2 (Langmuir q max ) where competition for heterogeneous basic active sites was not required (Deng et al., 2016; Kongnoo et al., 2016) . However, in matrices where other competitive gaseous species (such as N 2 and O 2 ) were present, the nature and amount of the tethered SNFs become extremely significant. This is because higher energy sites are first occupied before those of lower energies. This later scenario was described by the Sips model (Sips q max ) (Foo and Hamed, 2010) . Fig. 3 depicts results of the statistical fitting of nonlinear isotherm models to the experimental CO 2 adsorption data. The estimated adsorption parameters are compiled in Table 3 Peterson. The conformity became more significant as the intensity of doping was enhanced by pretreatment. Here, both Sips and Toth models also showed similar results to a reasonable extent. It was noticed that increase in %aext reduces qmax whereas improvement was made with regard to bond strength, characterized by KL, nF, ATE, βS, KT and g of Langmuir, Freundlich, Temkin, Sips, Toth and RedlichPeterson models, respectively. Generally, as the concentration and strength of surface coating increased down the table, qmax decreases while the bond strength at the adsorption interface intensifies significantly (Foo and Hamed, 2010) . In order to accurately deduce the most suitable model for describing the adsorption process, four error functions were adopted and the results are displayed in Tables 3(b) and 3(c). Among the two-parameter models, every error estimation showed that Freundlich was the best fit for all the adsorbents. This suggests that CO 2 had undergone monolayer adsorption onto the heterogeneous surface of AC, which exhibits a nonuniform distribution of adsorption energy. It also evinced that the adsorption energy exponentially decreases as the number of available adsorption sites reduces (Freundlich 1906; Kumar, 2006) . On the other hand, Temkin isotherm assumes that the adsorption energy linearly decreases as the number of adsorption sites lowers, while Langmuir isotherm assumes that the adsorption energy is uniform regardless of the number of available adsorption sites (Langmuir, 1916; Temkin and Pyzhev, 1940; Foo and Hamed, 2010) . On the average, all dry-processed adsorbents (pristine, pretreated and aminated) showed excellent correlation (R 2 > 0.999) for the three 3-parameter isotherms. However, an exemption was noticed with adsorbents pre-treated by wet phase potassium doping, where the surfaces and pores have been intensive modified leading to greater heterogeneity.
Adsorption Isotherm Study and Error Functions
For the sake of simplicity, deductions made from Tables 3(b) and 3(c) are summarized in Table 3(d) , from which inferences were easily derived. We observed that the threeparameter models fit the mechanism of CO 2 adsorption than those of two-parameter, indicating the complexity of the adsorption process. Overall, Freundlich (F) is the most reliable two-parameter model to describe the adsorption of CO 2 on all adsorbents, while Redlich-Peterson (R) and Sips (S) fit better, courtesy of the extra parameter which improves their flexibility and robustness. Administered error functions with regard to K-doped samples showed relatively similar values for Freundlich, Sips and RedlichPeterson (Tables 3(b) and 3(c). However, of these three, only the qmax of Redlich-Peterson showed values close to those of the qe (Table 3(a) ). Hence, it is conclusive that F and R models are the most competent two-and threeparameter models, respectively, given that the extrapolated data of both models overlap considerably (Table 3 and Fig. 3 ). This agrees with the fact that F is a special case of R when the constant g is bigger than unity (1) (Foo and Hamed, 2010) . Also, non-linear chi-square test is showed to be the most efficient error function for this statistically comparing the models. This confirms the observation made by Mikhail and co-researchers (Mikhail et al., 1968) .
For confirmatory purpose, we subjected the CO 2 adsorption data of selected samples to the popular linearized 2-parameter adsorption isotherm models in order to infer on any discrepancies with those of the original, non-linearized model forms. Although, the linearized forms have been criticized for exhibiting high level of inherent bias, due to the nonuniform derivations and transformations of the coordinates. However, they still offer confirmatory tools for the 3-parameter ones. Here, three linearized forms of Langmuir and one each of Freundlich and Temkin were experimented (Eqs (13)- (17)) (Foo and Hamed, 2010) :
Temkin q e = B Te lnA Te + B Te ln P
Representative plots are displayed in Fig. 4 and the extrapolated values provided in Table 4 . The results generally showed the best fit toward Freundlich, while a slight deviation was observed with N-4K-G2, which tend to comparatively follow Langmuir I. The results presented in Table 4 also showed an increase in R 2 of Langmuir I and Langmuir II for N-1K-G2, N-2K-G2, and N-4K-G2, indicating that the homogeneity of the adsorbents for CO 2 adsorption increased with KOH concentration (Hamdaoui and Naffrechoux, 2007) . This observation is attributed to the intense surface coating at high KOH concentration, leading to homogenous distribution of the active sites, which were provided by the wet-phase impregnation. This observation confirms that the adsorption of most CO 2 molecules occurred at low level, signifying the preference of the modified adsorbents for the separation of low level CO 2. Therefore, it indicates that the modified adsorbents are particularly excellent for indoor use. Similar trend was observed with Temkin plot, which overall, indicates the increase in even distribution of highly energetic active sites as earlier mentioned. In comparison, Langmuir III showed the worst fit to CO 2 adsorption on all adsorbents (Hamdaoui and Naffrechoux, 2007; Foo and Hamed, 2010) . Hence, we deduced that when a linearized form is carefully chosen (as Langmuir could be linearized in multiple ways), reliable results giving detailed understanding of the adsorption mechanism could be arrived at. Also, simpler, linearized isotherm models can efficiently substitute for the more tedious non-linearized ones (which nonetheless are more reliable) where required and suitable statistic tools are far-fetched.
Estimation of Thermodynamic Parameters
In order to investigate the strength of interaction between 
Temkin
CO 2 and AC at the sorbate-sorbent interphase, the CO 2 adsorption behavior of seven selected samples at four different temperatures (273, 288, 298, 308 K) was examined. The adsorption profile of representative two are shown in Fig. 5 . As earlier indicated, two possible plots from which thermodynamic parameters could be derived (ln K L vs. 1/T and ΔG vs. T) are compared as displayed as Fig. 6 . We also attempted the use of Freundlich constant for adsorption strength, n F , in lieu of customary K L , considering the better conformity of the adsorption process with Freundlich than Langmuir. To this respect, despite the better fitness of Freundlich over Langmuir, the estimated data (from the plots of ln n F vs. 1/T and ΔG (n F ) vs. T) proved such substitution to be unrealistic and hence unreliable. This could be envisaged from the near-plateau slope of the plot when n F was used. Therefore, the obtained values were not considered in this work. However, we affirm from this examination that n F cannot be substituted for K L despite the aforementioned reason for such study.
In furtherance, by the virtue of the regression coefficient (R 2 ) provided in Table 5 along with the thermodynamic parameters, the plot of ln K L vs. 1/T provides more reliable thermodynamic expression than the plot of ΔG vs. T, although the difference between their respective R 2 was not excessively high. This was evidently replicated in the proximity of the extrapolated parameters between the two plots. Hence, the plot of ln K L vs. 1/T suits the thermodynamic study of CO 2 on modified ACs than the ΔG vs. T plot.
From Table 7 , the negative values of ΔH o indicate the exothermic nature of CO 2 adsorption, which progressively increases with increase in the magnitude of surface basic treatment and heterogeneity. It is suggested that the higher ΔH o for 1K-G2 over N-1K-G2 was due to the presence of K 2 O on the former, which have been replaced by surface nitrogen functionalities (SNFs) on the latter during stabilization by amination. A hypothetical model for the chemisorption of CO 2 by K-pre-doped and aminated AC surface is provided as Supporting Information (Fig. S3) . The ΔH o values of G1, N-G1 and N-O-G1 suggest that CO 2 molecules were collected on these adsorbents by physisorption (2-20 kJ mol -1 ), while those with KOHmodified adsorbents (1K-G2, N-1K-G2, and N-4K-G2) are significantly above 20 kJ mol 
bond strength. A higher value of ΔS o signifies a higher degree of freedom or randomness of CO 2 molecules that were adsorbed on the modified surface than in the bulk gas phase (Erdem et al., 2103) .
By estimation, it was found that ΔH o was higher than TΔS o , which infers the dominant influence of entropy over enthalpy within the system (Foo and Hamed, 2010 (Yousef et al., 2011) . In addition, the values of ΔG o up to 20.0 kJ mol -1 is consistent with electrostatic interaction (physisorption) (Anirudhan and Suchithra, 2010) , where adsorption by dative covalent bonding or complexation (range of 21.0 and 40.0 kJ mol -1 ) is assumed to have taken place. Here, our results showed that attraction of CO2 by the adsorbents in this study is mainly by van Der Waal's forces, which in theory, would enable easy refreshment of the adsorbent during thermal, pressure or electric regeneration (Anirudhan and Suchithra, 2010; Yousef et al., 2011) .
Adsorption Kinetics Study
Theoretically, the pseudo first-order model generally provides good fit when the mass of an adsorbate on an adsorbent surface is low and the adsorption amount reaches a plateau, whereas the pseudo second-order model is suitable when the concentration of an adsorbate on an adsorbent is high, and the adsorption amount does not reach an equilibrium (Song et al., 2016) . In other words, the pseudo second-order model is suitable to demonstrate the dependency of adsorption rate on the sorption capacity of a surface (Aharoni and Tompkins, 1970; Ho and Ofomaja, 2006; Valderrama et al., 2007; Cáceres-Jensen et al., 2013) . The fitting of experimental data with adsorption kinetic models are provided in Fig. 7 , and the estimated kinetic parameters are presented in Table 6 . The low R 2 (in Table 6 and Fig. 7 (a)) clearly shows the poor fitting of pseudo-first order model whereas pseudo-second order model showed excellent fit to all experimental results, evincing the R 2 values of near unity. This opines that the CO 2 adsorption onto the surfaces of the adsorbents in this study is governed by the adsorbate amount on the surface of the adsorbents (Ozacar and Suchithra, 2010) . ln t
In general, the CO 2 attachment on AC was found to be more of diffusion-driven than by the formation of chemical bonds as the intraparticle diffusion model provided better fits than Elovich for all the adsorbents. This hypothesis confirms the dependence of adsorption on ΔS o over ΔH o as found in thermodynamics study. Meanwhile, the KOHmodified adsorbents (1K-G2, N-1K-G2 and N-4K-G2) , that showed high surface energies, exhibited better fits to Elovich equation, than aminated or virgin adsorbents (G1, N-G1, and N-O-G1). This indicates that the pretreatment by KOH provides the adsorbent with extra adsorption mechanisms besides diffusion. The Elovich equation describes an adsorption process as a group of reactions including diffusion of the bulk phase, surface diffusion, and active catalytic surfaces (Dabrowski, 2001) . Also, Elovich considers the variation of chemisorption energetics in relation to the extent of surface coverage and the decrease in the sorption rate (Aharoni and Tompkins, 1970) . The chemisorption of CO 2 at some degree has also been observed earlier for Kpre-doped samples (such as 1K-G2 and N-4K-G2) (Adelodun et al., 2015) . Therefore, it is suggested that CO 2 adsorption on the KOH-modified adsorbents is attributed to both chemisorption and physisorption. The peculiar sorption of CO 2 by K 2 O on 1K-G2, compared to SNF on other samples was distinctly indicated by the wide digression in the kinetic plots of pseudo-first order, intraparticle diffusion and Elovich equation. With the pseudo-second order, we observed that the comparative adsorption process that reached completion in 45 min with 1K-G2 took ca. 5 h by other samples (Fig. 7(b) ). These observations agree to the theory that in an adsorption system, chemisorption occurs before physisorption as adsorption sites with higher energy levels are occupied first (Ozacar and Sengil, 2005; Mittal et al., 2007; Anirudhan and Suchithra, 2010) .
From the study of these adsorption properties, it is believed that the nature and concentration of surface chemical functionalities is predominantly responsible for the enhanced CO 2 selectivity, despite the lowering of pure level adsorption efficiency (Fig. 2) . This is clearly shown by the pure CO 2 adsorption plot of the representative samples compared in Fig. 8 (Adelodun et al., 2014b) . As depicted, the adsorption profiles indicate that samples with no potassium species tethered on their surfaces barely adsorbed any CO 2 molecules in the early period of the adsorption process (0-0.0005 P/Po), whereas those with higher surface energy exhibited immense adsorption at this early stage. Up to ca. 0.4 P/Po, the relevance of surface chemistry was dominant. As the partial pressure (concentration) of CO2 increases (0.5 to 1 P/Po), physical adsorption becomes the main mechanism of CO 2 collection on the adsorbent. Consequently, the findings in this work affirm the fundamental principle of adsorption that it is process more efficient for low level separation from previous works (Shafeeyan et al., 2010; Adelodun et al., 2015) .
Thermal Programmed Desorption (TPD) Test for CO 2 Adsorption
In order to estimate the amount of CO 2 chemically adsorbed by basic species, a modified sample N-4K-G2, Table 6 . Kinetic parameters for adsorption of 10% CO 2 on the modified carbons at 30°C. which showed the best result for selective CO 2 adsorption, was subjected to TPD test. Under N 2 flow, N-4K-G2 laden with 10% CO 2 flow was ramped up to 600°C at a heating rate of ca. 20 °C min -1 while the quantity of desorbed CO 2 was continuously monitored (Fig. 9) . The TPD profile gave a reliable segregation of desorbed CO 2 at predetermined set temperatures of 25, 100, 200, 300, 400, 500 and 600°C, which was kept for ca. 12 min each prior to the next so as to ensure reliable quantitation of CO 2 released at each temperature. Fig. 9 expresses a stepwise temperature programmed desorption, which was used to quantify the amount of CO 2 evolved at each temperature, intermittently. An additional continuous TPD provided in SI (Fig. S4) was carried out to validate of the reliability of CO 2 quantitation data from Fig. 9 . It was revealed that most adsorbed CO 2 molecules were desorbed between room temperature and 400°C, which suggested that CO 2 interaction with the tethered SNF on AC was predominant (Yousef et al., 2011) .
Quantification of desorbed CO 2 is reported in Table 7 . About 18% of the CO 2 molecules were found to be weakly adhered onto the carbon surface as they were easily detached at room temperature. Larger proportion of those physisorbed by van der Waal's force was desorbed at temperature below 200°C. Subsequent ramping released comparatively lesser proportion of CO 2 , with an average of 7.5% (between 300 and 400°C). This proportion could be attributed to those previously adsorbed by the coordinate covalent bonding provided by SNFs on the AC surface, whilst the average total of 10.35%, thermally eluted between 500 and 600°C, are ascribed to those held by a much stronger covalent bond with inorganic potassium species (Dantas et al., 2011) .
CONCLUSIONS
Some pretreatment methods prior amination were used to improve the CO 2 selective capture of activated carbon, and the adsorption properties were investigated. CO 2 adsorption measurements showed that wet phase peroxidation with KOH is the most suitable method. The nature and degree of tethered basic surface nitrogen functionalities were found to be responsible for CO 2 selective capture while well-developed microporosity as the driving force for pure CO 2 capacity adsorption. Adsorption properties were studied in details. By the conformity of all test samples with Freundlich isotherm, it was conceded that CO 2 molecules bind onto the heterogeneous surface of activated carbon in a monolayer pattern. Also, Redlich-Peterson was the three-parameter model that provided the best fit for expressing the experimental data while Sips model showed a comparatively good fit as well. In general, three-parameter isotherms are more suitable than those of two due to the complex chemical nature of the substrate surfaces. Also, the lowest degree of freedom (highest precision) of error estimation attributed to Chi-square analysis made it the most reliable and efficient of the four error functions used. It was also observed that standard entropy is the major thermodynamic parameter that determines the adsorption process. This was in agreement with the kinetic study, from which CO 2 binding on activated carbon was deduced to follow pseudo-second order and intraparticle diffusion. It indicates the insignificance of the reduction in pure CO 2 capture capacity despite the significant increase in selective adsorption as surface coating was concentrated, accompanied by depreciation in textural properties. The temperatureprogrammed desorption study finally confirmed the relevance of highly basified activated carbon surface in improving selective adsorptions as more CO 2 molecules were adhered by the various impregnated basic sites. Consequently, the understanding of the adsorption properties in this work provides useful information for adsorption reactor design and regeneration of spent adsorbents used for flue gas and indoor CO 2 scrubbing.
